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ABSTRACT 
Wereviewedtheresultsofpreviousstudiesthatinvestigatedtheassociationbetweenallergicsymptomsinchildrenand
exposuretothemajorairpollutants,here identifiedasnitrogendioxide(NO2),ozone(O3),particulatematter(PM2.5and
PM10), volatileorganic compounds (VOCs), sulfurdioxide (SO2), soot, and carbonmonoxide (CO), in termsof theodds
ratiosreported.Wealsoreviewedacommonprocedureusedinpreviousstudiesforbuildingawholestudydesignbased
onapplicationofanobservational researchmethodandvariousanalysismodels.Mostprevious studies reportedodds
ratiosaboveunityandfoundapositiveassociationbetweenallergicsymptomsandexposuretomajorairpollutants.When
the strengthof theassociationsbetweenexposure toairpollutantsandallergicdisease in childrenwere comparedby
normalizationoftheoddsratios,exposuretoPM2.5was foundtohavethestrongestassociation, followedbyNO2,while
exposuretoPM10wasfoundtohavetheweakestassociation.
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1.Introduction

Theprevalenceofallergic symptomshasbeen increasing for
several decades. Previous studies indicate that occurrence or
severityofallergicdiseasesisassociatedwiththeconcentrationof
air pollutants, one of the environmental risk factors. In their
assessments of air pollutants' effects on human health, Jones
(1999),Franklin(2007),BrabackandForsberg(2009),andLeunget
al. (2012) reported that chemical and biological air pollutants in
indoor and outdoor air are important factors that affect the
morbidityofallergiesandasthma.More specifically,Brabackand
Forsberg (2009) found that previous cohort studies conducted
worldwide commonly indicated that air pollutants from traffic
exhaust can affect children’s respiratory symptoms. Their results
weresupportedbyLeungetal. (2012),whose reviewof research
articles indicated an association between exposure to air pollutͲ
antsandprevalenceofallergicdiseases in childrenandadults in
Asiancountries.

Inthemodernera, individualsspendmoretime indoorsthan
outdoors,particularlychildren,whoarewellknowntospendmost
oftheirtimeinindoorenvironments(Franklin,2007).Farrowetal.
(1997)foundthatchildrenintheUnitedKingdomspendmoretime
(19.3hoursperday,80.4%)withinthehomethantheirmothersor
fathers(18.4and14.7hoursperday,respectively).Likewise,Wiley
etal. (1991)reportedthatchildren inCaliforniaspendabout85%
of their time in indoorenvironments.These findingsare troubleͲ
some, as children are considered more vulnerable to allergic
diseases due to their higher physical activity and inhalation rate
per kilogram of body weight than adults, as well as the
developmentoftheirorgan functions (AbelsohnandStieb,2011).
Therefore, it is important to investigate children’s exposure to
indoor air pollutants, particularly those that are more likely
to influence the prevalence of atopic dermatitis, bronchitic
symptoms,wheeze, and asthma. At the same time, outdoor air
qualitymust also be considered, as it influences the indoor air
quality through the penetration of outdoor air into the indoor
environment and affects children engaging in outdoor activities,
such as sports, which they tend to perform more frequently
thanadults.Forthesereasons,manyresearchershaveattempted
to demonstrate that exposure to both outdoor and indoor air
pollutantssignificantlyaffectsdiverserespiratorydiseases,allergic
symptoms,andasthma inchildren (e.g.,Nicolai,1999;Shimaand
Adachi,2000;Leeetal.,2003;Hulinetal.,2010;HwangandLee,
2010).

One major outdoor pollutant is soot, the accumulation of
atmosphericcarbonaceousmaterialresultingfromtheincomplete
combustionoforganicmatter that isassociatedwithhigh–traffic
areas(Wolff,1985).Previousstudies(Studnickaetal.,1997;Guoet
al.,1999;Fisheretal.,2000;Leeetal.,2008;Morgensternetal.,
2008;Delfinoetal.,2009;Krameretal.,2009;Spira–Cohenetal.,
2011) focusing on air quality near traffic–concentrated areas
investigated the impact of exposure to soot and other major
traffic–related pollutants, such as nitrogen dioxide (NO2), carbon
monoxide (CO),particulatematter (PM), and sulfurdioxide (SO2)
on human health, as well as the relationship between traffic
density or proximity to main roads, an indicator of degree of
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traffic–related air pollution and asthma, respiratory illness, and
wheezeamongchildren (Wjstetal.,1993;Oosterleeetal.,1996;
Schafer et al., 1996; English et al., 1999;Wilkinson et al., 1999;
Vennetal.,2001; Zmirouetal.,2004; Loyo–Berriosetal.,2007;
Jerrettetal.,2008;Cooketal.,2011).These studiesagreed that
increase in traffic density and/or residence in close proximity to
mainroads isassociatedwith increasedprevalenceofrespiratory,
allergic, atopic, and/or asthmatic symptoms in children. Besides
traffic–related pollutants, volatile organic compounds (VOCs)
emitted frombuildingmaterialsandmicrobialpollutants, suchas
dustmite and fungi, have been investigated as allergy–inducing
factors(Carreretal.,2001;Hussetal.,2001;Walinderetal.,2001;
Beltrani,2003;Leeetal.,2003;Takigawaetal.,2010).

Themainpurposeofthisreviewwastosummarizetheeffects
of exposure to air pollutants on the prevalence, risk, or severity
ofasthmaandallergic symptoms in children.Todo so, theodds
ratios reported in previous studies regarding the odds of each
major allergic disease associated with exposure to each major
air pollutant were compared to identify which pollutants are
associatedwithgreateroddsofallergicsymptomsinchildren.The
common procedures used in previous studies for building an
overallstudydesigntoassesstheeffectsofexposuretothemajor
airpollutantswerealsosummarized.AfterSection1presents the
backgroundof the study,Section2describes the researchdesign
andmethodsofexposureassessment.Section3thendiscussesthe
air pollutants examined in previous studies before Section4
evaluatestheassociationbetweenexposuretotheseairpollutants
andallergicdiseases viaanalysisof theodds ratio.Basedon the
findings, Section5 concludes the study by describing themajor
findings, and Section6 provides recommendations regarding
future research to improve understanding of the relationship
betweenhumanhealthandexposuretoairpollutants.

2.StudyDesignandExposureAssessment

To identify previous studies investigating the association
between allergic diseases and air pollutants, the Science Direct,
PubMed, andGoogle Scholar databaseswere searched to locate
articles examining allergic diseases, including asthma, wheeze,
bronchitis,andeczema,inchildrenaged0to18years.

Review of the articles revealed that a common procedure
usedtoinvestigatetheimpactofairpollutantsonallergicdiseases
andrespiratorysymptomsinchildrencanbedividedintothethree
steps as diagnosis of symptoms, air pollutantmeasurement, and
statistical analysis. In the first step, diagnosis of diseases and
symptomsinchildrenisperformedviaadministrationofquestionͲ
naires or dermatology tests. In the second step, air pollutant
concentrations are measured or estimated using a model to
investigate the extent of human exposure. In the final step, the
effectsofexposure toairpollutantson theoccurrenceofallergic
symptomsarestatisticallyanalyzedusingthedatacollecting from
performingtheprevioustwosteps.

In the diagnosis of symptoms, one observational research
method, such as cross–sectional study, cohort study, or case–
control study, isused.According toMann (2012), cross–sectional
study tests the occurrence of a disease for each individual at a
given point in time by administration of a questionnaire, an
interview, or a test, and then often determines the prevalence
of a certain symptom. Since a cross–sectional study is typically
performedoncewithoutanyfollow–up, it isknownasarelatively
inexpensive and rapidmethod (Mann, 2012). Cohort study tests
theincidenceofadiseaseamongagroupofpeopleoveraspecific
period by performance of periodic follow–ups. As it allows for
observation of temporal sequence events, cohort study may
permit identificationofcausalrelationships,whichcross–sectional
study cannot (Mann, 2012). Case–control study investigates and
compares the individuals with and without a certain symptom,
which isparticularlyeffectivefor investigatingdiseaseswitha low
rate of incidence (Mann, 2012). In selecting samples for studies
using these designs, infants, young children, or schoolchildren
living in various areas are typically evaluated as possible parͲ
ticipants. After selecting the study population, questionnaires,
interviews,or testsareadministered to theparticipantsoreither
theirparentsor guardians todetermine the incidenceof allergic
symptomsandexposuretorelevantenvironmentalfactors.

As shown in Table1, cross–sectional study and cohort study
have frequently been used among the three different types of
studydesignsinpreviousstudies.Toprovidebetterunderstanding
ofthecohortstudydesign,Table2summarizesthestudyduration
and follow–up frequencies reported in previous studies. As can
be observed, the average study duration of cohort studies was
approximately 2.4years and the follow–up frequencywasmore
than2timesduring the study.Themajorairpollutants tested in
previousstudieswereNO2,SO2,ozone(O3),andPM,includingthat
consistingofparticlessmallerthan2.5or10μmindiameter.These
studiesmainly focusedonexamining allergicdiseases in children
betweenapproximately0to18yearsofage.

Table 1 shows that for the diagnosis of atopic dermatitis,
bronchiticsymptoms,wheeze,orasthma,moststudiesexamined
data(1–h,8–h,24–hyearly;3–year;or4–yearmeandata)collectͲ
ed from the nearestmonitoring centers to track changes in air
pollutant concentrations (e.g.,McConnell et al., 1999; Lee et al.,
2003;Hwangetal.,2005;Hoetal.,2007;Leeetal.,2008;Linetal.,
2008;MarandKoenig,2009).Thismethodcanbecombinedwith
modeling using a geographic information system (GIS) to predict
levelsofairpollutants inaspecificarea.At thesame time,many
studies conducted stationarymeasurementathomes, schools,or
selectedsitesusingmethods forquantifying theconcentrationof
eachpollutant(e.g.,ShimaandAdachi,2000;Janssenetal.,2003;
Rumchevetal.,2004;Zhaoetal.,2008).Asshown inTable3,the
individual and stationary measurement methods used varied,
dependingon thepollutantsmeasured.Forexample, theconcenͲ
tration of soot was often assessed by measurement of the
reflectanceofPM2.5filters,whichisknowntobehighlycorrelated
withsimultaneouslymeasuredconcentrationsofelementalcarbon
(EC),amajorcomponentofsoot(UlrichandIsrael,1992;Kinneyet
al.,2000). Inaddition,severalstudiesusedamodelingmethodto
estimate the exposure levels in an area where personal and
stationary measurements could not be performed (e.g.,
Mongersternetal.,2008;Krameretal.,2009;Spira–Cohenetal.,
2011).

After collecting the air pollutant concentration data, the
studies subjected them to diverse analysis methods, including
two–, three–, multi–stage model analysis; regression model
analysis;Cox regressionmodelanalysis;ormixedmodelanalysis.
By such means of analysis, the odds ratio, the ratio of the
probabilityofoccurrenceofa symptomordiseaseoccurrence to
thatof itsnon–occurrence (Mann,2003); thehazardratio;or the
relative risk for the association between exposure to an air
pollutantandallergicdiseasescouldbedetermined.Inperforming
theassociationanalysis,variousconfoundingfactors,suchasage,
sex,and race,were considered,asweremanypollution sources,
such as combustion engines, that produce multiple pollutants
simultaneously. As a result, pollutant concentrations tend to be
found to be correlated with each other, and synergistic effects
amongmultiplepollutantsareoftenidentified.Therefore,theodds
ratios reported were often adjusted for various confounding
factorsand/orconcentrationsofotherpollutants.

3.MainAirPollutantsAssociatedwithAllergicDiseases

3.1.Nitrogendioxide(NO2)

Nitrogen dioxide (NO2) is mainly emitted from combustion
sources but can penetrate into indoor environments. As an
irritantofthemucosamembraneofthelungsandrespiratorytrack
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Table2.Summaryofstudydurationandfollow–upfrequencyshowninpreviousstudiesusingacohortstudydesign
StudyDesign References StudyDuration(inyears) Follow–upFrequency
Cohortstudy
Pilottoetal.(1997) 6months 2times
Garrettetal.(1998) 1 6times
ShimaandAdachi(2000) 3 3times(eachyear)
Yuetal.(2000) Averageof58days(range28–112) Daily–selfreports
Braueretal.(2002) 2 4times(duringpregnancy,atatimeof3months,firstandsecondbirthdays)
Slaughteretal.(2003) Averageof58days Dailydiarycards
Delfinoetal.(2003) 3months Dailysymptomdiary
McConnelletal.(2003) 3 3times(eachyear)
Jalaludinetal.(2004) 11months Asthmadiarytwiceaday
Gaudermanetal.(2005) 4–7 Notavailable
Belangeretal.(2006) 2 Eachmonthofayear
Schildcroutetal.(2006) 22months Dailydiarycards
Delfinoetal.(2009) 4 Irregular(basedonhospitalrecords)
Mongerstermetal.(2008) 6 5timesinGINIplusgroup(attheageof1,2,3,4,and6years)6timesinLISAplusgroup(attheageof0.5,1,1.5,2,4,and6years)
Krameretal.(2009) 6 5timesinGINIplusgroup(attheageof1,2,3,4,and6years)6timesinLISAplusgroup(attheageof0.5,1,1.5,2,4,and6years)
Mannetal.(2010) 4.5 Threetimesayear
Spira–Cohenetal.(2011) 1month Threetimesdaily
Kimetal.(2011) 2 2times(atatimeofenrollmentanda2–yearfollow–up)

Table3.Summaryofairpollutantmeasurementmethodsfornitrogendioxide(NO2),ozone(O3),particulatematters
(PM),volatileorganiccompounds(VOCs)andsoot
TargetPollutants Instruments References
NO2 Passivefilterbadgeordiffusiontube Pilottoetal.(1997)
vanVlietetal.(1997)
ShimaandAdachi(2000)
Braueretal.(2002)
Gaudermanetal.(2005)
Belangeretal.(2006)
Morgensternetal.(2008)
Zhaoetal.(2008)
Filterbadgeordiffusiontubecoatedwith
triethanolamine
Dietteetal.(2007)
Khalequzzamanetal.(2007)
O3 Passivesamplerwithnitride–coatedfilter Dietteetal.(2007)
Zhaoetal.(2008)
PM HavardorMSPimpactorwithTeflonor
polycarbonatefilters
vanVlietetal.(1997)
Fisheretal.(2000)
Ormstad(2000)
Braueretal.(2002)
Delfinoetal.(2003)
Janssenetal.(2003)
Dietteetal.(2007)
Morgensternetal.(2008)
Multi–channelaerosolspectrometer Songetal.(2011)
Nephelometer Slaughteretal.(2003)
VOCs Charcoalsolventtubeordiffusionpassive
samplerpackedwithcharcoal
Fisheretal.(2000)
Walinderetal.(2001)
Delfinoetal.(2003)
Janssenetal.(2003)
Rumchevetal.(2004)
Khalequzzamanetal.(2007)
Takigawaetal.(2010)
Soot AbsorbanceorreflectanceofPM2.5filters Braueretal.(2002)
Janssenetal.(2003)
Krameretal.(2009)

(e.g., Jones, 1999 and references therein),NO2 iswell known to
increasetheprevalenceofallergicdiseasesandsymptoms,suchas
bronchitic symptoms, atopic dermatitis, and asthma attacks.
Eberlein–Koniget et al. (1998) found that NO2 exposure causes
transepidermal water loss (TEWL) and skin roughness in both
patients with atopic eczema and with normal skin. In a study
conducted in southern California among children aged 4 to
16years residing in 12 communities, NO2 was identified as the
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most significant factor in increasing the prevalence of bronchitis
andphlegm(McConnelletal.,1999).ShimaandAdachi(2000)also
identifiedanassociationbetween indoorandoutdoorNO2 levels
andallergic symptoms. Interestingly, they found thatwhileexpoͲ
sure to increased outdoorNO2 concentrations is associatedwith
increasedincidenceofbronchitis,wheeze,andasthmainbothgirls
andboys, it ismoresignificantlyassociatedwith the incidenceof
wheezeandasthma ingirls thanboys.Likewise,Leeetal. (2008)
reportedthatexposuretoincreasednitrogenoxides(NOX)concenͲ
trations affects the incidence of recurrent and flexural eczema
more strongly in girls than boys. The possible reasons for the
stronger association between NO2 or NOX exposure and allergic
diseases ingirlsmaybedifferences insusceptibility, lifepatterns,
andskintypes(ShimaandAdachi,2000;Leeetal.,2008).

Among other studies, O’Connor et al. (2008) reported that
increases in NO2, PM2.5, and SO2 concentrations are related to
decreasesinpulmonaryfunctions,andthathigherNO2concentraͲ
tionsare correlatedwith frequentasthma symptoms in children.
Other studies (e.g. Janssen et al., 2003; Nicolai et al., 2003;
Penard–Morand et al., 2010) have found that NO2 exposure is
correlatedwithprevalenceofeczema,cough,andcurrentwheeze
inchildren.

3.2.Ozone(O3)

Formed by photochemical reactions in the air and traffic–
related pollutants, ozone (O3) is another pollutant that appears
to trigger respiratory illness. Although Hwang and Lee (2010)
reported that the prevalence of bronchitic symptoms associated
withasthma ismorestrongly related toexposure toNO2andCO
than exposure to O3, PM2.5, and SO2, Hwang et al. (2005) had
previouslyfoundthatO3exposureismorestronglyassociatedwith
asthma thanCOandNOXexposure inTaiwanese school children.
This disagreement betweenHwang et al. (2005) andHwang and
Lee(2010)maystemfromdifferencesinsamplesize,participants’
ages,pollutantmeasurementmethods,andallergicdiseasesexamͲ
ined. InaU.S. study,Wilsonetal. (2005) found thatexposure to
high concentrationsofO3was associatedwith increased respiraͲ
toryandasthmaticemergency room (ER)visits in two largecities
(Portland,MaineandManchester,NewHampshire). InotherU.S.
studies,MarandKoenig (2009) reporteda significantassociation
between asthma ER visits and O3 concentration, especially at a
threedays’lag,amongchildreninSeattle,Washington,whileLinet
al. (2008) reported an increase in the hospital admission of
children aged 1 to 6 years due to asthma as O3 concentrations
increased inNew York State. In a SouthKorean study, Leeetal.
(2006) identified a significant relationship between outdoor O3
concentration and asthma–related hospitalization in children
younger than 15years in Seoul. In another South Korean study,
Kim et al. (2011) reported that the prevalence of wheeze and
allergic rhinitis in children is highly related to O3 concentration.
Zhao et al. (2008) and Mann et al. (2010) identified a slight
association between O3 exposure and respiratory symptoms or
wheeze, respectively, in asthmatic schoolchildren. In accordance
withthesefindings,McConnelletal.(2002)identifiedahigherrisk
ofdevelopmentofasthma in childrenwhoplaymore than three
sportsinenvironmentswithhighO3concentrations.

3.3.ParticulateMatter(PM)

Defined as a collection of fine and coarse particles that can
carry inorganic and organic compounds as well as microbial
components,particulatematter(PM) isabletopenetrate intothe
respiratory track, and is thus known as an environmental factor
that affects asthmatic symptoms. As the size of the particles is
small, they canpenetratedeeply into the lungs (Ormstad,2000),
causing severe adverse respiratory problems. In one study,
Morgensternetal.(2008)foundthatexposuretoPMsmallerthan
2.5μm (PM2.5) significantly affects doctor–diagnosed asthmatic
bronchitis, hay fever, and allergic reaction to pollen in children
aged 0 to 6years. Based on their findings, Janssen et al. (2003)
agreedthatexposuretoparticlessmallerthan2.5μminindoorair
isassociatedwithcumulativeasthma.Likewise,Braueretal.(2002)
showedthatPM2.5exposurecausesdevelopmentofwheezeordry
cough at night among children. In a study of children aged 2 to
6years inBaltimore,Maryland,McCormacketal. (2009) showed
that exposure to PM2.5–10 and PM2.5 is highly correlated with
incidenceofasthmasymptoms,wheeze,nocturnalsymptoms,and
use of rescue medication among children, 91% of whom were
AfricanAmerican.However,Hwang and Lee (2010) reported the
bronchiticsymptoms,chroniccough,chronicphlegm,andbronchiͲ
tisareweaklyornotrelatedtoPM2.5exposure.

In a study of ultrafine particles, which are considered to
penetratemoredeeplyintotherespiratorysystemandskinbarrier
and causemore inflammationandoxidativedamage than coarse
particles,Songetal. (2011) reported thatexposure to submicron
particles less than 1μm in diameter is strongly associated with
itchyskin inchildrenwhowerediagnosedwithatopicdermatitis.
In accordance, Penard–Morand et al. (2010) reported that inciͲ
dence of lifetime/past year asthma and eczema is significantly
associatedwithexposuretoparticles lessthan10μm indiameter
inchildrenaged9to11years.Insupportoftheirfindings,Laurent
etal.(2008)reportedthatthenumberofasthmacallsispositively
related to PM10 exposure, andNastos et al. (2010) that outdoor
PM10 concentration is significantly associated with the rate of
admissionofchildrenforasthmainAthens,Greece.

3.4.VolatileOrganicCompounds(VOCs)

Volatile organic compounds emitted from combustion
sources, buildingmaterials, and tobacco smoke arewell studied
hazardouspollutantsthatcanaffecttheallergicreactionsandthe
respiratory system. In agreement with Rumchev et al. (2004)
report that total VOC exposure increases the risk of asthma,
Penard–Morandetal.(2010)foundthatVOCexposureispositively
associatedwith riskof lifetimeasthma in children.CertainVOCs,
includingbenzene,toluene,andethylbenzene,havebeenfoundto
contributemore strongly to the prevalence of childhood asthma
thanotherVOCs. InastudyofmicrobialVOCs(MVOCs)produced
bymicroorganisms, Araki et al. (2012) found that 1–octen–3–ol
had a strong impacton allergic rhinitis in adwelling in Japan. In
accordance,Kimetal. (2007)reportedthatMVOCconcentrations
in schools are related to the prevalence of respiratory and
asthmatic symptoms in children. According to Walinder et al.
(2008)andKorpietal.(2009),themajorimpactofMVOCexposure
on human health is eye and upper–airway irritation. Kim et al.
(2013) also found that exposure to elevated concentrations of
VOCs results in increased immunoglobulin E (IgE) levels,
occurrenceofwheeze,anddevelopmentofasthma.

3.5.OtherPollutants

TheeffectsofexposuretoSO2,CO,andsoot,majorpollutants
fromfuelcombustionanddieselexhaust,onallergicdiseaseshave
beeninvestigatedinmanystudies.Inananalysisofthecorrelation
betweenSO2exposureand riskofasthma,Penard–Morandetal.
(2010) found that SO2exposure significantly increases theprevaͲ
lenceofasthmainchildren.Likewise,Samolietal.(2011)foundan
association between SO2 and PM10 exposure and the number of
pediatric asthma hospital admissions among children aged 0 to
14years inAthens,Greece.Althoughotherstudies(Laurentetal.,
2008; Zhao et al., 2008; Hwang and Lee, 2010) reported an
associationbetweenSO2exposureand childhoodasthma,Hwang
etal.(2005)proposedthatSO2exposureandchildhoodasthmaare
weaklyornotrelatedeachother.Nevertheless,otherstudies(e.g.,
Brauer et al., 2002;McConnell et al., 2003;Nicolai et al., 2003;
Hwangetal.,2005)foundapositiveassociationbetweenexposure
to soot andCO andoccurrenceof asthma,bronchitic symptoms,
andwheezeinchildren.

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
4. Association between Exposure to Air Pollutants and
AllergicDiseasesinChildren

4.1.Compilationofreportedoddsratios

Instatisticalanalyses,theassociationbetweenexposuretoair
pollutants and allergic diseases is frequently described using the
odds ratio along with the 95% confidence interval (CI). Table4
summarizestheoddsratiosreportedinpreviousstudiesregarding
the development of asthma,wheeze, bronchitis, and eczema in
childrenexposedtoCO,NO2,O3,PM2.5,PM10,SO2,soot,andVOCs.
Each reported odds ratiowas calculated for a given increase in
exposuretoaspecificpollutantlistedinTable4.Inmanycases,the
interquartile range (IQR) of pollutant exposure among the study
populationwascalculatedasameasureoftheamountofincrease,
and theodds ratioswereadjusted forvariousconfoundingvariaͲ
bles, such as age, sex, and race. As can be seen in Table4, the
majorityofoddsratioswereaboveunity,meaningthattheoddsof
symptom development were found to increases with increased
exposure.Thisphenomenoncanbemoreeasilyobservedfromthe
barchartoftheoddsratiosshowninFigure1.



Figure1.Reportedoddsratiosfrompreviousstudiesforeachairpollutant.(1indicatesthestudyusedcohortstudymethod.2indicatesthe
studyusedcross–sectionalstudymethod.3 indicatesthestudyusedcase–controlstudymethod.)
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

Asshown inFigure1andTable4,allstudies investigatingthe
association between CO exposure and allergic diseases reported
odds ratios larger than 1. Among them, Hwang and Lee (2010)
reported the highest, a 1.28 odds ratio (95% CI: 0.99–1.65) per
105ppb (121.8μg/m3) increase in the prevalence of bronchitis,
while Hirch et al. (1999) and Hwang et al. (2005) reported the
lowest, a 1.05 odds ratio (95% CI: 0.93–1.08) per 0.2μg/m3
increase in theprevalenceofwheezeanda1.05odds ratio (95%
CI: 1.02–1.07) per 100ppb (116.0μg/m3) increase in the
prevalenceofasthma.

Table4.Reportedoddsratioswith95%confidenceintervalsperconcentrationincreases(inμg/m3)foreachpollutantinpreviousstudies
Symptom References Pollutant OR CI(95%) Increaseinμg/m3
Asthma Penard–Morandetal.(2010) CO 1.21 1.03 1.54 199.00
Delfinoetal.(2003) CO 1.20 0.77 1.86 3.48
Schildcroutetal.(2006) CO 1.08 1.02 1.15 1160.00
Hirschetal.(1999) CO 1.07 0.94 1.21 0.20
Hwangetal.(2005) CO 1.05 1.02 1.07 116.00
ShimaandAdachi(2000) NO2 2.10 1.10 4.75 19.10
Gaudermanetal.(2005) NO2 1.83 1.04 3.22 10.89
Panetal.(2010) NO2 1.39 1.11 1.74 30.00
Janssenetal.(2003) NO2 1.39 0.75 2.56 17.60
Delfinoetal.(2003) NO2 1.27 1.05 1.54 2.67
Zhaoetal(2008) NO2 1.26 0.80 1.98 10.00
Braueretal.(2002) NO2 1.18 0.93 1.51 19.67
Jalaludinetal.(2004) NO2 1.18 0.94 1.49 15.66
Hirschetal.(1999) NO2 1.16 0.94 1.42 10.00
Smithetal.(2000) NO2 1.13 1.02 1.26 83.66
Schildcroutetal.(2006) NO2 1.09 1.03 1.15 38.20
Penard–Morandetal.(2010) NO2 1.09 0.85 1.39 18.50
Morgensternetal.(2008) NO2 1.04 0.67 1.39 6.40
Garrettetal.(1998) NO2 1.00 0.75 1.31 10.00
Kimetal.(2011) O3 1.54 0.91 2.60 9.95
Zhaoetal.(2008) O3 1.27 0.95 1.71 10.00
Delfinoetal.(2003) O3 1.18 0.79 1.75 21.49
Hwangetal.(2005) O3 1.14 1.00 1.29 19.90
Schildcroutetal.(2006) O3 1.06 0.92 1.23 59.70
Jalaludinetal.(2004) O3 1.05 0.77 1.43 16.52
Hirschetal.(1999) O3 0.79 0.61 1.02 10.00
Delfinoetal.(2003) PM10 1.45 1.11 1.9 37.00
Penard–Morandetal.(2010) PM10 1.28 1.06 1.51 10.50
Slaughteretal.(2003) PM10 1.11 1.03 1.19 10.00
Jalaludinetal.(2004) PM10 1.10 1.02 1.19 12.00
Yuetal.(2000) PM10 1.09 1.01 1.18 10.00
Schildcroutetal.(2006) PM10 1.02 0.98 1.07 25.00
Hwangetal.(2005) PM10 0.93 0.91 0.96 10.00
Slaughteretal.(2003) PM2.5 1.16 1.03 1.30 10.00
Braueretal.(2002) PM2.5 1.12 0.84 1.50 3.20
Morgensternetal.(2008) PM2.5 1.12 0.94 1.29 1.00
Janssenetal.(2003) PM2.5 1.03 0.59 1.82 7.10
Panetal.(2010) SO2 1.52 1.21 1.92 69.00
Penard–Morandetal.(2010) SO2 1.26 1.11 1.42 5.00
Delfinoetal.(2003) SO2 1.23 1.06 1.41 6.65
Zhaoetal.(2008) SO2 1.14 0.85 1.54 100.00
Yuetal.(2000) SO2 1.07 0.90 1.27 26.60
Schildcroutetal.(2006) SO2 1.06 0.99 1.12 26.60
Hirschetal.(1999) SO2 1.06 0.90 1.24 10.00
Hwangetal.(2005) SO2 0.87 0.73 1.05 26.60
Janssenetal.(2003) Soot 1.36 0.62 2.98 9.30
Braueretal.(2002) Soot 1.12 0.88 1.43 0.80
Rumchevetal.(2004) VOC 1.27 1.18 1.37 10.00
Penard–Morandetal.(2010) VOC 1.17 0.95 1.47 25.20


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Table4.Continued
Symptom References Pollutant OR CI(95%) Increaseinμg/m3
Wheeze Hirschetal.(1999) CO 1.05 0.93 1.18 0.20
ShimaandAdachi(2000) NO2 1.76 1.04 3.23 19.10
Janssenetal.(2003) NO2 1.74 0.99 3.05 17.60
Belangeretal.(2006) NO2 1.52 1.04 2.21 38.20
vanVlietetal.(1997) NO2 1.31 0.52 3.30 45.08
Braueretal.(2002) NO2 1.13 0.99 1.29 19.67
Hirschetal.(1999) NO2 1.13 0.93 1.37 10.00
Zhaoetal(2008) NO2 1.12 0.91 1.39 10.00
Mannetal.(2010) NO2 1.10 1.02 1.20 16.62
Jalaludinetal.(2004) NO2 1.01 0.94 1.09 15.66
Panetal.(2010) NO2 0.87 0.76 1.00 30.00
Kimetal.(2011) O3 1.37 1.02 1.85 9.95
Zhaoetal.(2008) O3 1.05 0.87 1.27 10.00
Mannetal.(2010) O3 1.01 0.92 1.12 39.80
Jalaludinetal.(2004) O3 1.00 0.93 1.08 16.52
Hirschetal.(1999) O3 0.84 0.66 1.07 10.00
Jalaludinetal.(2004) PM10 1.01 0.97 1.04 12.00
Janssenetal.(2003) PM2.5 1.51 0.90 2.53 7.10
Braueretal.(2002) PM2.5 1.14 0.98 1.34 3.20
Mannetal.(2010) PM2.5 1.09 0.93 1.27 36.20
Zhaoetal.(2008) SO2 1.18 1.03 1.35 100.00
Hirschetal.(1999) SO2 1.07 0.92 1.24 10.00
Panetal.(2010) SO2 0.88 0.77 1.00 69.00
Janssenetal.(2003) Soot 1.43 0.66 3.07 9.30
Braueretal.(2002) Soot 1.11 0.97 1.26 0.80
Bronchitis HwangandLee(2010) CO 1.28 0.99 1.65 121.80
HwangandLee(2010) NO2 1.83 1.07 3.14 16.79
Janssenetal.(2003) NO2 1.37 0.60 3.12 17.60
McConnelletal.(1999) NO2 1.3 0.8 2.20 45.84
McConnelletal.(2003) NO2 1.07 1.02 1.13 1.91
Braueretal.(2002) NO2 0.99 0.84 1.17 19.67
McConnelletal.(2003) O3 1.06 1.00 1.12 1.99
McConnelletal.(1999) O3 1.00 0.60 1.70 63.68
HwangandLee(2010) O3 0.84 0.60 1.19 17.45
McConnelletal.(1999) PM10 1.4 1.10 1.80 19.00
Janssenetal.(2003) PM2.5 1.71 0.84 3.50 7.10
McConnelletal.(1999) PM2.5 1.4 0.90 2.30 15.00
Braueretal.(2002) PM2.5 1.04 0.85 1.26 3.20
HwangandLee(2010) PM2.5 0.96 0.57 1.62 16.84
HwangandLee(2010) SO2 1.11 0.90 1.38 3.48
McConnelletal.(2003) Soot 2.63 0.83 8.33 1.00
Janssenetal.(2003) Soot 1.32 0.44 3.94 9.30
Braueretal.(2002) Soot 0.99 0.84 1.17 0.80
Eczema Penard–Morandetal.(2010) CO 1.08 1.00 1.21 199.00
Janssenetal.(2003) NO2 1.27 0.88 1.84 17.60
Penard–Morandetal.(2010) NO2 1.23 1.04 1.42 18.50
Morgensternetal.(2008) NO2 1.18 1.00 1.39 6.40
Braueretal.(2002) NO2 0.96 0.85 1.08 19.67
Penard–Morandetal.(2010) PM10 1.13 1.01 1.24 10.50
Janssenetal.(2003) PM2.5 1.31 0.94 1.83 7.10
Morgensternetal.(2008) PM2.5 1.00 0.97 1.04 1.00
Braueretal.(2002) PM2.5 0.95 0.83 1.10 3.20
Penard–Morandetal.(2010) SO2 0.95 0.81 1.12 5.00
Janssenetal.(2003) Soot 1.17 0.71 1.92 9.30
Braueretal.(2002) Soot 0.96 0.85 1.08 0.80
Penard–Morandetal.(2010) VOC 1.02 0.94 1.09 25.20


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
Studies investigating the relationshipbetweenNO2exposure
andallergicsymptomshavereportedoddsratiorangingfrom0.87
to 2.10. Among them, Shima and Adachi (2000) reported the
highest, anodds ratio of 2.10 per 10ppb (19.10μg/m3) increase
(95%CI:1.10–4.75) inprevalenceofasthma symptoms.Thenext
highestwasreportedbyGaudermanetal.(2005),thatofanodds
ratio of 1.83 per 5.7ppb (10.89μg/m3) increase (95% CI: 1.04–
3.22)inprevalenceofdoctor–diagnosedlifetimehistoryofasthma,
followedbyHwangand Lee (2010), thatofanodds ratioof1.83
per 8.79ppb (16.8μg/m3) increase (95% CI: 1.07–3.14) in the
prevalence of bronchitic symptoms in children with asthma.
Interestingly,Braueretal.(2002)reportedanoddsratioofunder1
per10.3ppb(19.7μg/m3)increaseintheprevalenceofbronchitis,
andeczema,andPanetal. (2010)reportedanoddsratioof0.87
per30μg/m3increaseintheprevalenceofwheeze.

Studies investigating the relationship between O3 exposure
andallergicsymptomshavereportedoddsratiosrangingfrom0.79
to 1.54. Among them, Kim et al. (2011) reported odds ratios of
1.54 (95% CI: 0.91–2.6) and 1.37 (95% CI: 1.02–1.85) per 5ppb
(9.95μg/m3) increase in the12–monthprevalenceofasthmaand
wheeze,respectively.Hirschetal.(1999)reportedthetwo lowest
oddsratios,a0.79oddsratio(95%CI:0.61–1.02)anda0.84odds
ratio (95%CI:0.66–1.07)per10μg/m3 increase in theprevalence
of asthma andwheeze symptoms, respectively. Hwang and Lee
(2010)alsoreportedanoddsratiounder1,specificallya0.84odds
ratio(95%CI:0.6–1.19)per17.45μg/m3increaseintheprevalence
ofbronchitis.

Studies of exposure to PM, including both PM2.5 and PM10,
have reported odds ratio ranging from 0.93 to 1.45. Regarding
exposuretoPM10,Delfinoetal.(2003)reportedthehighest,a1.45
oddsratio(95%CI:1.11–1.90)per37μg/m3increaseinoccurrence
of asthma symptoms on the same day of exposure, followed by
McConnell et al. (1999), who reported a 1.4 odds ratio (95%
CI:1.1–1.8)per19μg/m3 increase in riskofbronchitis inchildren
withasthma.Hwangetal.(2005)reportedthelowestoddsratio,a
0.93oddsratio(95%CI:0.91–0.96)per10μg/m3increaseinriskof
childhood asthma. Regarding exposure to PM2.5, Janssen et al.
(2003) reported an odds ratio of 1.71 (95% CI: 0.84–3.5) and of
1.51(95%CI:0.90–2.53)per7.1μg/m3increaseforriskofcurrent
bronchitis and currentwheeze, respectively.WhereasMcConnell
et al. (1999) reported a 1.4 odds ratio (95% CI: 0.9–2.3) per
15μg/m3 increase in risk of bronchitis in children with asthma,
Hwang and Lee (2010) and Brauer et al. (2002) reported odds
ratios under 1, a 0.96 odds ratio (95% CI: 0.57–1.62) per
16.84μg/m3 increase in the prevalence of bronchitic symptoms
withasthmaanda0.95oddsratio(95%CI:0.83–1.1)per3.2μg/m3
increaseintheprevalenceofeczemasymptoms,respectively.

PreviousstudiesoftheassociationbetweenSO2exposureand
allergic diseases have reported odds ratios ranging from 0.87 to
1.52.Panetal.(2010)reportedthehighest,anoddsratioof1.52
(95%CI:1.21–1.92)per69μg/m3increaseinprevalenceofcurrent
asthma in a single–pollutant model. They were followed by
Penard–Morandetal. (2010),whoreportedanoddsratioof1.26
(95% CI: 1.11–1.42) per 5μg/m3 increase in the risk of lifetime
asthmaandDelfinoetal.(2003),whoreportedan1.23oddsratio
(95%CI:1.06–1.41)per2.5ppb(6.65μg/m3)increaseonsameday
of exposure for occurrence of asthma. Hwang et al. (2005)
reported the lowestodds ratio, a0.87odds ratio (95%CI:0.85–
1.54) per 10ppb (26.6μg/m3) increase in the incidence of
childhood asthma. Penard–Morand et al. (2010) and Pan et al.
(2010)alsoreportedoddsratiosunder1,specificallyanoddsratio
of0.95(95%CI:0.81–1.12)per5μg/m3increaseinriskofeczema
symptoms and a 0.88 odds ratio (95% CI: 0.77–1) per 69μg/m3
increaseintheriskofcurrentwheezeinasingle–pollutantmodel.

The odds ratios reported regarding the association between
exposure to soot and allergic disease have ranged from 0.96 to
2.63.McConnell et al. (2003) reported the highest odds ratio of
2.63(95%CI:0.83–8.33)per1μg/m3increaseinriskofbronchitis,
followed byNicolai et al. (2003),who reported an odds ratio of
1.76 (95% CI: 1.02–3.04) per 10.73μg/m3 increase in the risk of
currentasthma,and Janssenetal. (2003),who reportedanodds
ratio of 1.43 (95% CI: 0.66–3.07) per 9.30μg/m3 increase in the
incidenceofwheeze.OnlyBraueretal.(2002)reportedoddsratios
under 1, specifically odds ratios of 0.99 (95% CI: 0.84–1.17) and
0.96 (95% CI: 0.85–1.08) per 5.4×10–6/m increase in the risk of
bronchitisandeczemasymptoms,respectively.

Finally, the odds ratios reported regarding the association
betweenVOCexposureandallergic symptomshave ranged from
1.07to1.27.Rumchevetal.(2004)reportedthehighest,anodds
ratioof1.27(95%CI:1.18–1.37)per10μg/m3 increase intherisk
ofasthma,followedbyPenard–Morandetal.(2010),whoreported
a1.17oddsratio(95%CI:0.95–1.47)anda1.02oddsratio(95%CI:
0.94–1.09)per25.2μg/m3 increase in the riskof lifetimeasthma
andeczemasymptoms,respectively.

4.2.Normalizationofoddsratiosforcomparison

Theodds ratios reported inprevious studieswerecalculated
foragiven increase inexposure,whichvariedamongthestudies.
Therefore,theunitsandscaleofthe increasemustbenormalized
beforecomparingthestrengthoftheassociation.Assomestudies
measured the increase in parts per billionwhile the others did
so inmicrograms per cubicmeter, comparison was enabled by
convertingpartsperbillion tomicrogramsper cubicmeterusing
thefollowingequation:

ͳ  ൌ ͲǤͲͲͳ ൈܯܹ ൈ ܴܲܶ μ݃Ȁ݉͵ (1)

where,R isthegasconstant(8.314x10–2mb–m3/K–mole),P isthe
pressureoftheair,Tisthetemperatureoftheair,andMWisthe
molecular weight of the pollutant. Table 4 shows the exposure
increase measurements whose units were converted to μg/m3
using Equation (1). All the reported odds ratioswere then conͲ
vertedtotheoddsratiosper10μg/m3increaseofexposureusing
thefollowingequation:

ܱܴଵ଴μ௚Ȁ௠య ൌ ൫ܱܴ௥௘௣௢௥௧௘ௗ൯
ଵ଴
௑  (2)

where,X is the increaseofexposure inμg/m3.Thisconversion is
basedon the assumption that the logarithmof theodds ratio is
linearly increased with exposure, which is not always true.
Therefore,Equation(2)canbeonlyreliablyusedwhenXiscloseto
10. Figure2 displays the normalized odds ratios (odds ratios per
10μg/m3increase)obtainedusingEquations(1)and(2).Notethat
only the reported odds ratios with exposure increasemeasureͲ
mentsranging from5to20μg/m3wereexamined inFigure2.As
canbe seen,PM2.5was found tohave the strongestassociations
with allergic diseases among children, followed by NO2. More
specifically, Janssenetal. (2003) reportednormalizedodds ratios
of2.13and1.79per10μg/m3increaseinPM2.5exposureforriskof
bronchitisandwheeze,respectively,andGaudermanetal.(2005)a
normalized odds ratio of 1.74 per 10μg/m3 increase in NO2
exposureforriskofasthma.Ontheotherhand,PM10wasfoundto
havearelativelyweakerassociationwithallergicdiseases.

5.Conclusions

This review analyzed previous studies investigating the
associationsbetween allergicdiseases andexposure tomajor air
pollutants inchildren.Byanalyzing theseassociations in termsof
theoddsratiosregardingthefourmajorallergicdiseases(asthma,
bronchitis, eczema, and wheeze) among diverse populations of
children residing in diverse environments, the following major
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findingscouldbeelucidated:

y Previousstudiesmainlyusedcohortandcross–sectionalstudy
designscallingforperformanceofstationarymeasurementsat
homes, schools,or selected sitesandanalysisofairpollution
datacollectedatmonitoringcenters.Afterassessingexposure
levels and examining the associations between exposure to
air pollutants and allergic symptoms in children, they then
presented the results in terms of odds ratios or relative risk
basedonstatisticalanalysisofvariousmodels.
y Besidesseveralstudiesreportingoddsratiounderunity,most
previousstudiesreportedpositiveassociationsbetweenexpoͲ
sure to air pollutants and allergic diseases in children, even
though they were conducted in diverse environments using
differenttargetpopulationsofvariousages.
y Amongtheairpollutantsinvestigatedregardingitsassociation
with allergic diseases, themost frequently studiedwasNO2,
followed by PM. Among the allergic diseases investigated,
asthma was one of the most studied, followed by wheeze,
bronchitis,andeczema.
y Analysisofthenormalizedoddsratiosindicatesthatamongthe
airpollutantsexamined,PM2.5 is themoststronglyassociated
withallergicdiseases inchildren,followedbyNO2,whilePM10
isthemostweaklyassociated.

Figure2.Normalizedoddsratiosfrompreviousstudies(a)foreachallergicdiseaseand(b)foreachairpollutant.(1indicatesthestudyused
cohortstudymethod.2indicatesthestudyusedcross–sectionalstudymethod.3 indicatesthestudyusedcase–controlstudymethod.)
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
6.FutureWork

Ashighlighted in this review,a largenumberofstudieshave
examined theassociationbetweenexposure toairpollutantsand
incidence of allergic diseases in children. Nevertheless, several
aspectsofthistopicstillcallforfurtherstudy.Despitethefactthat
with the increasing popularity of daycare centers over the past
decademanychildrennowspendasignificantportionoftheirtime
at these centers, limited data are available regarding the enviͲ
ronmentandairqualitytowhichthesechildrenareexposed.Thus,
moreresearchmustbeconductedto investigatetheenvironment
of daycare centers and identify potentially significant factors in
children'sactivitiesat thesecenters.Second,althoughan individͲ
ual child's exposure can largely depend on the penetration ratio
between indoor and outdoor air at the home, many studies
estimated exposure based on analysis of data collected from
nearby monitoring centers without any consideration of the
penetration ratio. To more accurately estimate the association,
futurestudiesmustconsiderthepenetrationratio,notonlywhen
analyzingexposureamongchildrenbutamongallpopulations.

The odds ratios reported in previous studies are difficult
to compare because each study examined a different study
population under a different setting using a different statistical
analysismethodandadjustedtheoddsratiosforadifferentsetof
confoundingfactors.Evenwhentheoddsratiosarenormalized,as
theywereinSection4.2,careshouldbetakenintheircomparison
and interpretation.Inaddition,theexistenceofsynergisticeffects
ofexposuretomultiplepollutantsandcorrelationsamongspecific
concentrations of pollutants, which increases the difficulty of
elucidatingthepreciseeffectsofairpollutantexposure,shouldbe
considered.Toovercometheselimitations,areliableandaccurate
methodofcomparingandinterpretingtheoddsratiosreportedby
variousstudiesneed tobedeveloped,both forstudiesexamining
childreninparticularandthoseexamininganyassociationstudyin
general.

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